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Abstract. We describe the search for gravitational waves of astrophysical origin with ground-based interferometric LIGO
(Laser Interferometer Gravitational-Wave Observatory) and Virgo detectors, and we provide details about the successful
detection of signals from the merger of black holes. Three signals from similar systems were detected on Earth on
September 14 and December 26, 2015, and January 4, 2017. We also describe the exciting future of the field of
gravitational wave astronomy.

GRAVITATIONAL WAVES
The quest for gravitational waves started after Einstein predicted their existence 100 years ago. They are a
consequence of his theory of general relativity [1], which describes the effect of matter on space-time: The
distribution of mass energy induces a space-time curvature, and that curvature determines the motion of the matter.
The relation between the mass energy distribution and the space metric Gμν is given by the Einstein equation:
𝐺"# =

8𝜋𝐺
𝑇
𝑐 ( "*

with Tμν as the stress-energy tensor describing the mass energy distribution, G as the Newton universal gravitational
constant, and c as the speed of light in vacuum. When the space-time curvature is small, the metric gμν can be
linearly approximated:
𝑔"# = 𝜂"# + ℎ"#
with ημν as the metric describing the Minkowski space-time and hμν as a small perturbation, |hμν| = h ≪ 1. It can be
shown that in vacuum, the perturbation takes the general form of a plane transverse quadrupolar wave: It is called a
gravitational wave. Einstein’s theory solves an inherent problem of the Newtonian model: The action of the gravity
field between free masses is not instantaneous but propagates at the speed of light [2]. As a gravitational wave
propagates, it changes the distance, L, between free falling masses by ΔL according to ℎ = Δ𝐿/𝐿.
For example, the gravitational wave emitted by the coalescence of a binary neutron star system in the Virgo
cluster has a strain, h, of the order of 10−21 near the Earth, and this event happens about once every 50 years. The
observation of such rare and extremely small relative distance changes is obviously very challenging. It took more
than a century of creativity, person-power, and perseverance to finally detect these waves and use them to better
understand the Universe around us.
Gravitational waves produced by the inspiraling of binary systems have a characteristic “chirp” pattern, ending
in coalescence that can be modeled by careful computer simulations available only in the last decade. There are
many other sources of detectable gravitational waves, though: violent events, such as supernovae explosions and
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other unknown astrophysical transients; periodic signals produced by nonspherical rotating stars; and stochastic
background from unresolved sources or from the early Universe.

DETECTION OF GRAVITATIONAL WAVES
The LIGO Scientific Collaboration (LSC, www.ligo.org), created in 1997, is a group of scientists focused on the
direct detection of gravitational waves, using them to explore the fundamental physics of gravity and developing the
emerging field of gravitational-wave science as a tool of astronomical discovery. The collaboration nowadays brings
together more than 1,200 scientists, from 90 different institutions and 19 different countries, to achieve a common
goal: observing gravitational waves with the two LIGO detectors. These detectors are located in the United States, in
Hanford, Washington, and Livingston, Lousiana. They are separated by 3,002 km, which means that a gravitational
wave will take at most 10 ms to travel between them, depending on the incident direction. The interferometers were
proposed in the 1970s, and construction started in the 1990s. The apparent simplicity of the design—essentially
Michelson interferometers with 4-km-long arms—conceals the very high complexity of the instruments, in the
attempt to push their sensitivity as far as possible. Among the noise sources that can affect the instruments, many are
eventually foreseen to be fundamental physical limits such as thermal noise of the mirrors and intrinsic quantum
fluctuations of the light. Because the laser light travels in vacuum, these observatories are the second-largest vacuum
facilities in the world (see Fig. 1).

FIGURE 1. Scheme of an Advanced LIGO detector: A laser source is divided into equal beams by a beam
splitter. The beams travel about 280 times the 4-km length of the Fabry-Perot cavities: this is where a gravitational wave induces a phase shift in the light. Afterward, the beams are recombined, and their phase
difference is observed on a photodetector. The power-recycling and signal-recycling cavities increase the
sensitivity of the detector. Inset (a) The two LIGO detectors (H1, Hanford, Washington, and L1, Livingston,
Louisiana) in the United States, 10 ms away from each other at the speed of light. Inset (b) A remarkable
sensitivity of 10−23/√𝐻𝑧 at 100 Hz has been achieved with the H1 and L1 detectors during the First Observing
Run (2015–2016). Image taken from Ref. [3].

Since the detectors started operating in the 2000s, a sustained effort has been made to improve their sensitivity
over their sensitive frequency band between 10 Hz and 10 kHz. In particular, the upgrade from Initial LIGO (2001–
2010) to Advanced LIGO (2015+) is expected to deliver a factor of 10 in the reach to the coalescence of binary
neutron stars, allowing regular detections from sources 200 Mpc away. Some key technologies for such an improvement are multiple stages and glass-fiber-suspended, heavier test masses, sophisticated active seismic isolation
systems, high-quality optics and coatings, and high-performance lasers with a significant increase of power.
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The Advanced LIGO instruments detected a gravitational wave for the first time on September 14, 2015 [3]. The
signal was observed in both detectors with a peak strain of 10−21; these are changes in the 4-km distances between
mirrors of four-thousandths of a proton diameter! After several months of careful analysis, on February 11, 2016,
the LIGO–Virgo collaboration was ready to proudly announce that they had observed the merger of two black holes;
this was not just the first time the effect of gravitational waves near Earth was detected, it was also the first time the
merger of two black holes had been observed, and these were the largest stellar-mass black holes ever known
(smaller stellar-mass black holes are known from X-ray astronomy).
Another detection followed a few months later [4], this time with a system of lower mass, below 20 solar masses.
An additional candidate was observed during the First Observing Run of Advanced LIGO, from September 2015 to
January 2016. The three signals are presented in Fig. 2. One year later, in January 2017, during the Second
Observing Run that had started in November 2016, LIGO observed another massive binary black hole merger. The
Virgo detector located near Pisa, Italy, joined the network on August 1, near the end of the Second Observing Run,
and exciting results are already emerging [5], proving the localization power of a system with three detectors.
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FIGURE 2. (Left) The three signals observed during the First Observing Run on the same time scale, starting from 30 Hz;
whereas the sources are located at comparable distances for the two events, the amplitude of the GW150914 signal is larger than
that of the GW151226 signal, indicating that the system is more massive. Its coalescence happens at a lower frequency than a
lighter system, which explains why many more inspiral cycles of GW151226, whose total mass is one-third smaller, are
observed. (Right) The detection-statistic value, ρc, ranks the likelihood for a candidate event to be a gravitational-wave signal. It
is then compared to the estimated detector noise background to determine the probability that detector noise would give rise to at
least one equally significant event [4]. The significance of each of the three signals is displayed at the top of the graph. The
GW150914 significance is more than 5 σ for the two independent match-filtering searches performed. Pictures taken from Ref. [4].

The search for a gravitational-wave signal with a known waveform in the noisy strain data collected by the
detectors is done by matched-filtering methods. The principle of this method is to look for the best match of the data
with templates corresponding to the merger of different binary systems. The template bank consists of many tens of
thousands of waveforms, with approximations based on general relativity tuned to numerical relativity models. For
the First Observing Run, the base was restricted to black holes larger than 2 solar masses and smaller than 100 solar
masses. Two independent types of analysis were searching binary coalescences in the LIGO data with this bank.
Their results over 48 days of coincident data are presented in Fig. 2 (right). The first event, GW150914, was found
to have a significance larger than 5 σ in both searches [4].
The comparison of the data with the model allows us to infer the properties of the initial binary. The masses and
spin are deduced from the frequency content of the gravitational-wave signal: The heavier the masses involved, the
lower the frequency of the merger. The distance to the coalescence is deduced from the amplitude of the signals,
whereas the position in the sky is encoded in the difference time of arrival of the signals into the detectors.
The LSC looks in the data not only for gravitational waves from binary systems but also for transients of
unknown origin. The algorithms looking for unmodeled transients also found GW10914 with high significance; in
fact, it was this detection that produced the first alert. During all Advanced LIGO Observing Runs, alerts for possible candidate detections have been promptly sent to astronomers, with localization information, so a search for
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electromagnetic and particle counterparts can be initiated. No credible counterparts to the published detections of
black hole mergers have been found, but black holes themselves do not produce electromagnetic waves. We expect
to see such counterparts for mergers of neutron stars.

THE FUTURE
The improvement of the LIGO and Virgo detectors will continue, with many more detections expected from
different sources. The network of gravitational-wave detectors is also expanding quickly: KAGRA, an underground
detector, is in development in Japan, and the construction of a new LIGO detector in India has been approved. In
parallel, the gravitational-wave community is getting ready to improve the volume of observable space with concepts for a third generation of detectors. A space project, LISA, approved by the European Space Agency, will detect coalescence of massive black holes at centers of galaxies. Measurements with radio signals from pulsars in our
galaxy can detect gravitational waves from mergers of super-massive black holes in the Universe. This is just the
beginning of gravitational-wave astronomy!

FURTHER INFORMATION
We encourage interested readers to visit the website http://www.ligo.org, where information for scientists and
the general public, as well as the full and growing list of LSC publications, can be found.
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